ABSTRACT Mobile computing provides new ways of data collection on the Internet of Things (IoT). The sensed environment information by various sensing devices could make access to a wireless sensor network (WSN) through access points and vice versa. Improving the energy efficiency for a prolonged network lifetime while meeting the adaptive performance requirements under the guarantees of transport delay and reliability is an important problem to be solved in data collection for lossy and large-scale wireless sensor networks (WSN). Although many previous studies devoted to improving the energy efficiency, reliability, or network delay, they mainly focus on one of the performance metrics of the WSN. In this paper, a hybrid transmission scheme integrating the packet reproduction (PR) and Hop-by-Hop Automatic Repeat-reQuest (HBH ARQ) schemes are proposed to improve energy efficiency and reduce delay under guarantee of reliability for the lossy WSN. In the proposed scheme, the network is divided into two parts by a hybrid boundary where the location information is used to help determine the routing changes between the PR and HBH ARQ schemes. Some key parameters involved in the scheme are discussed and analyzed. The effectiveness of the proposed scheme is evaluated via extensive simulation results. Energy efficiency, reliability, hybrid. 
I. INTRODUCTION
Mobile computing provides new ways of data collection in Internet of Things (IoT) [1] . A large number of sensing devices are widely applied in the fields of environmental and ecological monitoring [2] - [5] , health monitoring [6] - [8] , home automation [9] , [10] , and traffic control [11] , [12] . Different types of deployed devices or sensors are used to collect data of environment (temperature, humidity, pollution articles), transportation, terminals and even social activities. Thus, data collection services are provided by mobile computing for IoT, such as industry, agriculture, medical treatment, vehicles, and so on. They drive the intelligent factory, intelligent medical treatment, smart home and intelligent transportation to be reality.
The sensed environmental information by various sensing devices could make access to Wireless Sensor
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Network (WSN) through access points and vice versa. Besides, mobile devices are packages of sensors. For example, different types of sensors are being deployed to collect a large amount of sensing data about vehicles, traffics, and even passengers to facilitate better road safety and comfort driving in vehicular network. The sensed environment information by WSN could make access to vehicular network through roadside units. It means that WSN could be integrated with mobile computing, or even an integral part of it. This makes the mobile computing get enriched. A WSN consists of a large number of low-cost and low-power sensor nodes. It is an important part of integrating the physical and the information world. So, it plays an important role in data acquisition in IoT [1] , [13] . In some applications with harsh environments, packet loss in sensor networks is a key issue to be worth of attention. Besides, there are great challenges in data collection including the large-scale deployment of sensor nodes and limited power, the complexity and dynamics of monitored physical objects and environment, and the unreliability of wireless communication. How to reduce the energy consumption of nodes, prolong the network lifetime and satisfy the adaptive performance requirements under the guarantee of transport delay and reliability is an important problem to be solved urgently in data collection. Due to the complexity of wireless transmission, many studies only focus on one or two of the performance indicators of the network. There are few studies devoted to improve the reliability of network transmission, reduce transmission delay, improve energy efficiency and prolong network lifetime simultaneously.
For lossy WSNs, the Packet Reproduction (PR) scheme is proposed to ensure transmission reliability [14] . PR scheme is an effective way to reduce transmission delay compared with Automatic Repeat-reQuest (ARQ) schemes. However, the packet will be reproduced or regenerated m copies to compensate for the lost packets after certain number of routing hops. The reproduced packets may lead to more packets transmitted to the hotspots and thus more energy cost. ARQ schemes ensure transmission reliability with packet retransmissions. However, the lost packet retransmissions will cause the end-to-end delay increase.
To address the above issues, a hybrid transmission scheme is proposed with energy efficiency, delay and reliability guaranteed for lossy WSN in the paper. Compared with the existing study, we make contributions as follows.
(1) A hybrid transmission scheme integrating PR and Hopby-Hop (HBH) ARQ is proposed to improve energy efficiency and reduce delay under guarantee of reliability for lossy WSNs. For the proposed scheme, the hybrid boundary divides the network into two parts called the load light area (LLA) and load heavy area (LHA), and it is the location where the adopted routing is changed from PR to HBH ARQ and vice versa. For the load light area, PR scheme is adopted to reduce delay under the assurance of transmission reliability. HBH ARQ scheme is applied in the load heavy area to reduce the unnecessary number of packets transmitted to the hotspots and ensure transmission reliability. Through integration of PR and HBH ARQ, the trade-off optimization between network lifetime and end-to-end delay is achieved under satisfaction of network reliability.
(2) The proposed hybrid transmission scheme is discussed and analyzed via mathematical modeling. Its superiority is proved via extensive simulations. The results show that the scheme can optimize transmission delay and energy efficiency on the premise of ensuring transmission reliability.
The rest of this paper is organized as follows: Section 2 reviews the related works. The system model and problem statement are described in Section 3. The proposed hybrid scheme is explained in Section 4, including discussion and parameters analysis. Simulation evaluations to prove the superiority of the proposed scheme are presented in Section 5. Conclusion is made in Section 6.
II. BACKGROUND AND RELATED WORK
There are many studies devoted to improve the energy efficiency from the aspects of each node and the whole network.
In order to reduce energy cost for each node, node sleep and wake-up schedule technologies are proposed [15] , [16] . In the schemes, unnecessary nodes energy cost is reduced by switching nodes between sleep and wake-up modes. Besides, data aggregation and load balance are the main methods to prolong the network lifetime [17] - [21] . For data aggregation or compression, the number of transmissions is reduced by in-network data aggregation at intermediate nodes to increase network efficiency. To overcome the difficulty of connectivity and cardinality respectively existing in node sleep/wake-up schedule and data compression, Reference [22] maximizes the network lifetime by energy balancing. Therefore, [22] points out that optimal sensor schedule and compressive sensing are two prominent schemes to prolong the WSN lifetime. However, many of the existing studies on energy efficient data collection focus on minimizing the whole energy cost or load balance of the data collection schemes. It is a great challenge to reduce the whole energy consumption of the protocols. Moreover, reducing the energy consumption of the protocols does not necessarily improve the network lifetime effectively [23] . In addition to minimizing the energy cost of the protocols, it is an effective way to improve the network lifetime via reducing energy cost of nodes in hotspots and making full use of the excess energy of nodes in non-hotspots. Thus, reducing the packets transmitted to the hotspots could prolong the network lifetime efficiently. References [24] - [28] propose schemes to reduce network and node load by mobile sink, UAV and multi-path routing. However, strategies of mobile sink are complex and there is high requirement on hardware for their implementation. Moreover, additional energy cost is caused by multi-path routing. Many of the data collection schemes and algorithms proposed by the existing studies are too complex to implement due to high requirements on the hardware. Therefore, for large-scale networks, how to reduce node energy consumption in the hotspots on the basis of low hardware system configuration is one of the popular issues in the field of data collection.
For a lossy WSN, packet loss recovery is widely used to ensure transmission reliability, such as HBH and Endto-End (E2E) ARQ [29] - [31] , PR [14] , etc. PR scheme is proposed to guarantee transmission reliability via in-middle recovery. It fills the gap between the traditional hop-by-hop recovery and E2E recovery. In the PR, the packet is reproduced after certain number of routing hops to compensate for the lost packet. The number of reproducing packet copies m is an important parameter. If m is set slow, it may fail to meet the transmission reliability requirement. If m is set large, there will be more packet copies transmitted to the hotspots and cause additional node energy cost. For ARQ protocols, the transmission delay will be increased in lossy WSNs under guarantees of the transmission reliability. PR routing strategy has better advantages than ARQ protocol on reducing transmission delay in lossy WSN. However, in order to ensure the reliability, the packet will be replicated and regenerated m copies every certain number of routing hop in PR strategy. It fails to take into consideration of the unbalanced energy VOLUME 7, 2019 consumption in WSNs. The energy consumption for the nodes in hotspots is higher than nodes in non-hotspots.
To our best knowledge, many existing studies focus on one or two of increasing energy efficiency, reducing transmission delay and improving transmission reliability due to the complexity and difficulty of WSN, such as [22] , [23] , [32] focuses on prolonging network lifetime. The network lifetime and reliability are studied in [28] - [31] . References [33] - [35] study on improving the energy efficiency and reducing the network delay. However, there are few studies on the joint optimization of network reliability, delay and lifetime.
In this paper, we propose a hybrid transmission scheme in consideration of the energy efficiency, network transmission reliability and delay.
III. THE SYSTEM MODEL AND PROBLEM STATEMENT A. THE SYSTEM MODEL
A widely applied WSN with single Sink node is considered in the paper. The network is assumed composed of N sensors and the sensors are randomly deployed in a two-dimensional circular area with radius of R meters. The role of sensors is to periodically sense surrounding information and generate packets, then to send to the sink via multi-hop relays in one round of data collection. We assume the packet size initiated by each node is the same. The Sink is located at the center of the network and plays the role of a gateway. After the deployment of nodes and sink, their relative locations are fixed. A simple transmission reliability model is considered in the paper. The wireless link is lossy and we assume all the one hop wireless links have the same successful transmission reliability p. Besides, for any two adjacent nodes, we assume the time required for one hop transmission is 1 time unit. The network connectivity is ensured by large node transmission radius.
The node consumes energy when sending and receiving packets. Following the typical energy consumption model in [36] , the energy consumed for transmitting and receiving l-bit data is calculated by
where, e t and e r represent the energy cost for transmitting and receiving l bits data respectively with the distance d. The meanning and corresponding values gennerally adopted in energy consumption model are demonstrated in [36] .
B. THE PROBLEM STATEMENT
In the paper, each node generates and forwards sensed packets to the sink by the proposed hybrid transmission scheme in rounds of data collection. The goal of the paper is to prolong the network lifetime and reduce the network end-to-end delay under the satisfaction of the network transmission reliability requirement . Because the network lifetime is mainly determined by the node with the largest energy consumption of the network, reducing the node energy cost is the key to prolong the network lifetime. Thus, one goal of the paper is to minimized the largest node energy cost ε max in the WSN. In the proposed hybrid scheme, there may be several packet copies successfully transmitted to the Sink for one source node. Therefore, for node i, the E2E delay τ i is referred to the minimum time unit required by the packet copies transmitted to the Sink. It is reasonable because the packet is successfully transmitted to the Sink when one packet arrives at the Sink earliest. The network E2E delay is referred to the maximum time unit of τ i (0 < i < n) and is computed by max
Reducing the network E2E delay is another goal of the paper. The network reliability ε is defined as the statistical ratio of the number of nodes successfully transmitted their generated packets to the Sink to the total number of nodes in the network. Therefore, the objective of the hybrid scheme is to satisfy the following requirements.
where, e it and e ir respectively denote the energy cost of transmitting and receiving data of node i. ε i denotes the total energy consumption of node i. ϑ (i) = 1 is applied to represent the information generated by node i successfully transmitted to the Sink and otherwise ϑ (i) = 0.τ i is the minimum time required for generated m packet copies of source node i successfully transmitted to the Sink. Therefore, the goal of the proposed hybrid scheme is to minimize the largest node energy consumption and the maximum node E2E delay under the guarantee of the network reliability .
IV. THE DESIGN OF THE PROPOSED SCHEME A. ARCHITECTURE OF THE PROPOSED SCHEME
The novel hybrid scheme is proposed to improve the energy efficiency and reduce the network delay under the guarantee of the network reliability. The sketch of the hybrid scheme is shown in Fig. 1 . As shown in the figure, for the source nodes in LLA, they initiate, disperse several packet copies to the intermediate nodes and the packets are reproduced after several transmitting hops to compensate for the lost packet. When the packet transmitted to the intermediate nodes in LHA via multi-hops, nodes in the LHA sending or forwarding the initiated or received packets by HBH ARQ scheme to reduce the additional packets caused by reproduction. In the paper, the WSN is with single Sink located at the center of the network. As a whole, for nodes far from the Sink, they have less packets to forward and nodes close to the Sink need to forward more received packets except transmitting their own generated packets. Therefore, a simple network boundary is used to divide the network into two areas, as shown in Fig. 2 . And, it is the hybrid boundary where the adopted routing is changed from PR to HBH ARQ and vice versa.
B. DESIGN OF THE PROPOSED SCHEME
In the section, the detailed design of the proposed scheme is explained, including packet transmission in LLA, LHA and the hybrid boundary.
1) PACKET TRANSMISSION IN LLA
For the nodes in the LLA, the packet reproduction is adopted for packet transmission. If one node is source node in the region, it will initiate α packet copies with their time to live (TTL), and then randomly disperse them to the different relay nodes. The dispersed nodes respectively and parallely forward the packets to the next hop following the shortest path routing until finishing their life cycle. Then, the packets will be reproduced when they successfully arrive the intermediate nodes in the LLA. If the packets transmitted to the LHA, the packets are forwarded following the packet transmission in LHA. The whole transmission process is shown in Fig. 1 .
2) PACKET TRANSMISSION IN LHA
For the nodes in LHA, they transmit or forward the packets generated by themselves or received from other nodes via HBH ARQ scheme. In the transmission path, the selected relay node will send acknowledgement (ACK) for receiving packet from its pre-hop node. If the ACK is not received beyond a certain time limit, the forwarding packet is lost and the pre-hop node will retransmit it. And, the maximum retransmission times is represented by β. The transmission is implemented hop by hop until the packet arriving at the Sink.
3) THE HYBRID BOUNDARY
The hybrid boundary is the location to divide the network into LLA and LHA. The coefficient δ is applied to represent the region division. The LHA is the region with the distance to the Sink less than δR. LLA is the other area in the WSN. If the hybrid boundary is set too close to the Sink, there will be more packets transmitted to the hotspots caused by packet reproduction. However, the network delay is reduced because there is less time required for waiting ACK and packet retransmission, which will cause additional delay. If the hybrid boundary is set too far from the Sink, the packet reproduction may be reduced and the network delay is increased because there will be more packet retransmission for lossy WSN. We will discuss on the hybrid boundary in the next section.
The proposed hybrid scheme is described in Algorithm 1. In the proposed hybrid scheme, there are several parameters such as packet copies α, the maximum retransmission times β and the hybrid boundary coefficient δ. They are very important for the system performance. In the section, we will discuss the influence of parameters on performance.
Algorithm 1 The Proposed

1) PACKET COPIES α
If we assume θ represent the packet TTL, the successful transmission probability of the first life cycle is
Their relations are shown in Fig. 3 . When p is smaller, it needs smaller θ under given the packet copies α to ensure the same reliability. Given the parameter p and θ , it is obviously that bigger α could improve the probability of packet transmission in one life cycle. When the first life cycle is finished, there are αϑ 1 packets successfully transmitted and they will be reproduced by α copies respectively. The reproduced packets continue to transmit to finish the other life cycle until arriving at the Sink. It is obviously that more packet copies α will increase transmission reliability for lossy WSN under the given of other parameters. However, too many packet copies will lead to excessive packets arriving in LHA, which will cause additional energy cost.
2) THE RETRANSMISSION COEFFICIENT β
The HBH ARQ is adopted in the LHA. If one packet is lost in the transmission, it will be retransmitted. In the paper, we assume there is no ACK lost in the transmission to do analysis on the key issues. Thus, one hop successful transmission probability is 1−(1−p) β+1 for one packet with the number of retransmissions β. It is obviously that the transmission probability is higher with greater β. If one hop transmission reliability is required σ , there is β = log(1−σ ) log (1−p) −1. The relation is shown in Fig. 4 . Bigger σ requires more retransmissions when p is smaller. When p is bigger, there is less retransmission to ensure the hop transmission reliability σ . In the paper, the lossy WSN is considered. Therefore, the packet retransmission exits. However, considering the assumption of the waiting time for retransmission is γ time units, the time required for successful transmitting one packet to the next hop with probability σ is: β+1 + βγ = β (1 + γ ) + 1. Thus, more retransmissions could ensure higher reliability in one hop transmission, however, cause longer transmission delay.
3) THE HYBRID BOUNDARY COEFFICIENT δ
In the proposed hybrid scheme, the hybrid boundary is an important parameter. δR is the location where packet transmission following HBH ARQ changed to PR and vice versa. The nodes with distance to the Sink less than δR are located in LHA. Nodes located in LLA have distance to Sink greater than δR.
If one node located in LHA, the time required for successful transmitting one packet is τ 1 = h [β (1 + τ ) + 1] when the retransmission times is set β, where h represents the hop distance to the Sink. If the same node located in LLA when the hybrid boundary coefficient δ is set smaller, the time required is approximately τ 2 = (h−ω) [β (1 + τ ) + 1] + ω for transmitting the packet to the Sink, where ω denotes hops to the boundary as shown in Fig. 2 . τ 1 − τ 2 = ω [β (1 + τ )] > 0. Therefore, when δ is set bigger, there are more nodes located in LHA. For nodes located in LLA to transmit packets to the Sink, there are longer routing path following HBH ARQ and the time required will be increased. It means that smaller δ could reduce network delay. However, when δ is smaller, there are more nodes located in LLA initiating several packet copies for transmission and also a greater number of packet reproduction caused by longer routing path in LLA. This will result in too many duplicate packets transmitted in the WSN and cause additional energy cost, which is inconsistent with the reducing energy cost and extending the network life.
V. SIMULATION RESULTS AND ANALYSIS
In this section, simulations are implemented and the results are demonstrated to evaluate the efficiency of the proposed scheme. Firstly, the parameter settings are described. Then, the key parameters are evaluated. And, comparisons with the existing PR and HBH ARQ are demonstrated and analyzed. 
A. PARAMETER SETTINGS
A circular wireless sensor network with radius R = 400 (m) is adopted in the simulation. There are N = 800 sensors randomly deployed in the WSN. The transmission range is assumed r = 60 (m) for ensuring connectivity. The size of packet generated by each node is identical and it is fixed l = 200 (bit). Besides, the one hop transmission reliability is assumed p = 0.6 from the aspect of statistics. Each node has the same initial energy of 10 (J) and the Sink is with infinite energy. Other parameters related to calculating energy consumption are based on [36] . Table 1 shows the parameters value. The simulation is implemented on MATLAB and we demonstrate the average results to evaluate the efficiency after a round of data collection.
B. PERFORMANCE EVALUATION ON DIFFERENT PARAMETERS
In this section, the different parameters influence on the performance of the hybrid scheme are evaluated.
1) DIFFERENT HYBRID BOUNDARY COEFFICIENT δ
In this subsection, we evaluate the performance under the different hybrid boundary coefficient δ. The illustrations of packets initiated randomly from one source node in the network transmitted to the Sink following the proposed scheme are shown in Figs. 5-7. Fig. 5(a), Fig. 6(a) and Fig. 7(a) respectively show the packets transmission process in the whole network when δ = 0.2, δ = 0.4 and δ = 0.6 under randomly given α = 2 and packet TTL = 2. In order to clearly illustrate the whole transmission process of packets, the packet lost is not considered in the sketch. Fig. 5(b) , Fig. 6(b) and Fig. 7(b) more clearly show the details by enlarging the illustration. In the figures, the red circle represents the hybrid boundary. The area inside the red circle is LHA, and the outside of the red circle is the LLA. The node with black circle marked is the source node. Nodes with little red circle marked are reproducing nodes. When packets arrive at the nodes, packet will be reproduced into α copies. Nodes marked with little blue circle is the intermediate forwarding nodes and they forward the received packet to the next hop following the shortest path routing. Nodes marked with little green circle is the nodes in LHA and they forward packets following the HBH ARQ scheme. In the selection of the next hop, the shortest path routing is also adopted. Black lines with arrows indicate the flow of data packets. From the figures, we can see that when the hybrid boundary δ is set small, there are more nodes in the LLA to transmit the sensed packet following PR. However, when δ is increased to a certain value, there will be no packet reproduction in LLA under fixed packet life cycle TTL, because the packet could not finish one life cycle transmission in a very short path.
In addition to the illustration of packet transmission to the Sink, the performance is evaluated in lossy WSNs under different hybrid boundary coefficient δ. In the evaluation, some parameters are fixed. The reliability of one hop transmission is randomly set as p = 0.6 for lossy WSNs. The number of packet copies α = 4, and the maximum number of retransmissions β = 3. Fig. 8 demonstrates the performance evaluation on reliability, the maximum energy cost and network delay under different δ. From Fig. 8(a) , we can see that the network reliability is improved with the larger δ. With the larger δ, more nodes will transmit their own packet or forward received packets via HBH ARQ. When β = 3, the transmission reliability is very high. With the larger δ, nodes with packet reproduction are less and there are less packet copies transmitted in the network. Therefore, the maximum energy cost is reduced, which can be seen from Fig. 8(b) . In addition, the network delay is increased with bigger δ. As mentioned above, more nodes transmit or forward packets by HBH ARQ scheme. More time is needed in the transmission for waiting the ACK, which is especially true for lossy WSNs.
2) DIFFERENT PACKET COPIES α
In this subsection, we evaluate the performance under different packet copies α when the other parameters are given. The given parameters are β = 1, δ = 0.4 and p = 0.6. Table 2 shows the performance evaluation results under different α. The results are clearly demonstrated in Fig. 9 . From Table 2 and Fig. 9 , we can see that the reliability, the maximum energy cost and the delay is increased with bigger α. This is in consistent with more packet copies leading to the increase of reliability, energy cost and network delay under the other given parameters.
3) DIFFERENT NUMBER OF RETRANSMISSIONS β
The performance under different number of retransmissions β is evaluated when randomly set α = 3, δ = 0.4 and p = 0.6. Table 3 and Fig. 10 show the performance evaluation results. From the table or the figures, we can see that the reliability and the delay is increased with bigger β. Fig. 10(d) demonstrates the energy cost of each node. From the figure, we can see that nodes near the hybrid boundary have the maximum energy cost caused by reproduced packets in LLA when δ = 0.4. Therefore, the change of the maximum energy cost is not obvious when given the packet copies α. 
C. PERFORMANCE COMPARISON
In the subsection, the proposed scheme is compared with the typical HBH ARQ and PR. Under the guarantee of network reliability, the performance of the maximum energy cost and network delay after one round of data gathering are compared. In the comparison, parameters are selected β = 2 in HBH ARQ; α = 4, TTL = 2 in PR and α = 4, TTL = 2, β = 1 and δ = 0.4 in the proposed scheme under given p = 0.6 to ensure the similar network reliability = 70%. Table 4 demonstrates the comparison results and they are clearly shown by Fig. 11 . From the results, we can see that HBH ARQ has the minimum energy cost, but, the maximum network delay. This is because the reliability is ensured by multiple retransmitting the lost packet. And, PR has the maximum energy cost and the minimum network delay. In the PR scheme, the reliability is guaranteed by transmitting several packet copies and reproducing packets after several hops. Continuously packet reproduction may lead to additional energy cost. Thus, in the LHA, the packet reproduction is not allowed and the packet transmission follows HBH ARQ in the proposed hybrid scheme, which could reduce the energy cost though the network delay is increased under the guarantee of network reliability. This means that the network reliability, energy cost and network delay could be joint optimized via controlling the parameters selection in the proposed hybrid scheme for lossy WSN. To further illustrate the effectiveness of the proposed scheme, we randomly select another lossy network for simulation. But there is a key difference from the above network and the difference is the node transmission range. In the above simulation, the transmission range is assumed to be large enough to ensure network connectivity. In the current network, there are N = 400 sensors randomly deployed hops in data transmission or the large scale WSN. In the comparison, parameters are selected β = 3 in HBH ARQ; α = 4, TTL = 2 in PR and α = 4, TTL = 2, β = 1 and δ = 0.4 in the proposed scheme under given p = 0.6 to ensure the similar network reliability. Other parameters are the same as mentioned in the above subsection A. The comparison results are shown and demonstrated in Table 5 and Fig. 12 , from which we can see that the proposed hybrid scheme is superior to HBH ARQ in network delay by 48.94% and PR in energy consumption by 28.19% under the guarantee of almost the same network reliability. The results show that the proposed hybrid scheme is effective for lossy and large scale WSN with reasonable parameters selection.
VI. CONCLUSION
In this paper, improving the energy efficiency for a prolonged network lifetime while meeting the adaptive performance requirements under the guarantees of transport delay and reliability for lossy and large-scale WSNs is studied and a hybrid scheme is proposed. In the proposed scheme, it integrates the PR and HBH ARQ schemes. The hybrid boundary is the location where the adopted scheme changed from PR to HBH ARQ and vice versa. For the LLA, PR scheme is adopted to reduce delay under the assurance of transmission reliability. HBH ARQ scheme is applied in LHA to reduce the unnecessary number of packets transmitted to the hotspots and ensure transmission reliability. It makes full use of the high reliability of HBH ARQ and the low delay of PR. Meanwhile, it avoids the excessive energy consumption of PR and the excessive delay of HBH ARQ. The effectiveness of the proposed scheme is evaluated by simulations.
However, the detailed influence and relations of parameters of α, β, δ and packet TTL on energy consumption, delay and reliability need further analysis. For any given WSNs, how to determine the hybrid boundary is also worth our further research.
